This study aims to provide longitudinal and spatial insights to the rejection of N-nitrosamines by reverse osmosis (RO) membranes during sampling campaigns at three full-scale water recycling plants. Samples were collected at all individual filtration stages as well as at a cool and a warm weather period to elucidate the impact of recovery and feed temperature on the rejection of N-nitrosamines. N-nitrosodimethylamine (NDMA) was detected in all RO feed samples varying between 7 and 32 ng/L. Concentrations of most other N-nitrosamines in the feed solutions were determined to be lower than their detection limits (3e5 ng/L) but higher concentrations were detected in the feed after each filtration stage. As a notable exception, in one plant, N-nitrosomorpholine (NMOR) was observed at high concentrations in RO feed (177e475 ng/L) and permeate (34e76 ng/L). Overall rejection of NDMA among the three RO systems varied widely from 4 to 47%. Data presented here suggest that the feed temperature can influence rejection of NDMA. A considerable variation in NDMA rejection across the three RO stages (14e78%) was also observed. Overall NMOR rejections were consistently high ranging from 81 to 84%. On the other hand, overall rejection of Nnitrosodiethylamine (NDEA) varied from negligible to 53%, which was considerably lower than values reported in previous laboratory-scale studies. A comparison between results reported here and the literature indicates that there can be some discrepancy in N-nitrosamine rejection data between laboratory-and fullscale studies probably due to differences in water recoveries and operating conditions (e.g. temperature, membrane fouling, and hydraulic conditions). between laboratory-and full-scale studies probably due to differences in water recoveries and 36 operating conditions (e.g. temperature, membrane fouling, and hydraulic conditions). 37
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Introduction

40
As clean water sources continue to dwindle in many parts of the world, water recycling has 41 been used by water providers to secure safe and reliable supplies of water for municipal, 42 industrial and agricultural uses (Shannon et al., 2008) . In many water recycling schemes, 43 reverse osmosis (RO) filtration is deployed as a key process to remove inorganic salts and 44 trace organic chemicals (Bellona et rejection (from 51 to 43%) and that pH changes in the feed (from pH 6.5 to 9) could also 77 cause an increased NDMA rejection (from 37 to 51%). In addition to these water quality 78 parameters, a recent laboratory-scale study by Fujioka et al. (2013a) and feed water characteristics (e.g. temperature, ionic composition) significantly hinder any 101 meaningful data analysis. RO systems for wastewater recycling are typically designed using 102 three stages to achieve recovery around 85% (Fujioka et al., 2012a) . Although the RO feed is 103 further concentrated after each filtration stage, no studies available to date have examined 104 rejection efficiencies for nitrosamines at subsequent stages. 105
The aim of this study was to assess the removal of eight N-nitrosamines in three full-scale 106 RO plants. N-nitrosamine rejection values obtained at different stages were systematically 107 related to the operating conditions and feed water characteristics. In addition, the difference 108 in N-nitrosamine rejections between a cool and a warm weather period at one plant was also 109 elucidated. Based on the obtained results, implications to water recycling practice were 110 highlighted and discussed. 111 These samples (500 mL) were stored in amber glass bottles. Deuterated N-nitrosamines 142 corresponding to each target compound were used as isotope labelled surrogates. These 143 deuterated N-nitrosamines were purchased from CDN Isotopes (Pointe-Claire, Quebec, 144 Canada). A surrogate stock solution containing 100 µg/L of each deuterated N-nitrosamines 145 was prepared in pure methanol. Immediately after sample collection, the surrogate stock 146 solution was added to the sampling bottles to obtain 50 ng/L of each isotope labelled N-147 nitrosamine. Analytical grade sodium thiosulfate (100 mg/L) was also added to the sample as 148 quenching reagent to prevent any further NDMA formation during transportation and sample 149 processing. From each sampling point, 20 mL sample was collected in plastic bottles for the 150 analysis of cations and boron and 100 mL sample was collected in amber glass bottle for the 151 analysis of anions and total organic carbon. Operating conditions and feed temperature of the 152 RO systems on the sampling day are summarised in Table S2 ). In particular, the feed water to plant A exhibited a 193 relatively high conductivity (salinity) at approximately 2.5 mS/cm. The sewer catchment of 194 plant A is predominantly in a low-lying coastal area and is subjected to seawater intrusion. In 195 fact, due to seawater ingresses, boron concentration in the feed to plant A was also higher 196 compared to plant B and C. Despite the high feed water salinity, the quality of RO permeate 197 at plant A was comparable to that at the other two RO systems. Most common cations and 198 anions in the feed water can be rejected well by the RO membranes. As a result, the permeate 199 at all three RO systems was of high quality with respect to basic water quality parameters. In 200 agreement with the 85% water recovery (Table 1) In plant B, 16 inch membrane elements were used whereas 8 inch membrane elements were 297 used in plants A and C. Thus, the hydraulic distribution of plant B can differ significantly 298 from that of plant A and C. At plant B, a significant variation in NDMA rejection (14-78%) 299 was observed among the three RO stages ( Figure 5 ). Changes in the permeate flux after each 300 filtration stage may contribute to this variation to some extent (Fujioka et al. 2012b) . 301
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However, because permeate flux was not monitored in each individual stage at plant B, it was 302 not possible to confirm this hypothesis. Rejection of N-nitrosamines was further investigated 303 using the two sampling events at plant A, focusing on the difference in NDMA rejection 304 among the three stages. As RO filtration progressed, feed pH increased slightly and feed 305 conductivity increased significantly for both sampling events (Figure 6 ). During the first 306 sampling event (A-1) an increase in NDMA rejection from the first stage to third stage was 307 observed. In general, an increase in feed conductivity (or ionic strength) results in a decrease 308 in N-nitrosamine rejection (Fujioka et al., 2012b) . However, the current study revealed an 309 opposite trend which indicates that another factor such as membrane fouling may have been 310 respectively. NDMA rejections among three RO stages also exhibited a significant variation 328 in several cases. These rejection variations may have resulted from the difference in feed 329 temperature and possibly membrane fouling. These findings suggest that N-nitrosamine 330 rejection estimates derived from laboratory-scale flat-sheet membrane studies, which are 331 operated at very low water recovery, may not be representative of full-scale operation. On the 332 other hand, overall NMOR rejections were equally high with a range of 81-84%. The findings 333 of this study provide insights for potential variations in N-nitrosamine rejection among 334 different RO systems and RO stages. Nevertheless, it is prudent to note the causes of some 335 variations reported here were not sufficiently identified due to changes in multiple parameters 336 during full-scale RO operation. Therefore, additional work is necessary to examine the 337 impact of each cause (e.g. fouling and feed temperature) using a pilot-or full-scale RO 338 systems. 339 Tu is thanked for his assistance with ICP-MS analysis. 344
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